Abstract-Bilateral loss of vestibular sensation can be disabling. Those afflicted suffer illusory visual field movement during head movements, chronic disequilibrium and postural instability due to failure of vestibulo-ocular and vestibulo-spinal reflexes. A neural prosthesis that emulates the normal transduction of head rotation by semicircular canals could significantly improve quality of life for these patients. Like the three semicircular canals in a normal ear, such a device should at least transduce three orthogonal (or linearly separable) components of head rotation into activity on corresponding ampullary branches of the vestibular nerve. We describe the design, circuit performance and in vivo application of a head-mounted, semi-implantable multichannel vestibular prosthesis that encodes head movement in three dimensions as pulse-frequency-modulated electrical stimulation of three or more ampullary nerves. In chinchillas treated with intratympanic gentamicin to ablate vestibular sensation bilaterally, prosthetic stimuli elicited a partly compensatory angular vestibulo-ocular reflex in multiple planes. Minimizing misalignment between the axis of eye and head rotation, apparently caused by current spread beyond each electrode's targeted nerve branch, emerged as a key challenge. Increasing stimulation selectivity via improvements in electrode design, surgical technique and stimulus protocol will likely be required to restore AVOR function over the full range of normal behavior.
steady vision and posture [1] . When the vestibular nervous system functions normally, the angular vestibulo-ocular reflex (AVOR) stabilizes the eyes with respect to space during head rotations in any direction, using sensory input from the vestibular labyrinths of both ears to generate appropriate control signals for the extraocular muscles attached to each eye. Without this gaze-stabilizing mechanism to keep images still on the retina, visual acuity falls dramatically during head rotations typical of walking, driving and other activities of daily life [2] , [3] .
Normally, head rotation is transduced by a set of six semicircular canals (SCCs), three in each ear. Each SCC is a fluid-filled canal that approximates three quarters of a toroid and is attached to the vestibule (central chamber of the inner ear) at each end. The fluid within the SCC acts as an inertial load for detection of the component of head rotation about the axis perpendicular to the plane of the SCC. Head rotation generates a moment on the fluid ring within the SCC, causing relative movement between the fluid and SCC walls. This fluid movement deforms the gelatinous membrane (the cupula) that blocks the canal lumen within an enlarged bulb at one end of the SCC (the ampulla). Just beneath the cupula lies a specialized neurosensory epithelium (the crista),within which are hair cells, so named for their bundles of hair-like mechanosensitive stereocilia, which extend from each hair cell into the cupula. Deformation of the cupula causes shear stresses that bend the stereocilia, modulating neurotransmitter release from hair cells and ultimately modulating the nonzero baseline firing rates of afferent nerve fibers that synapse with the hair cells. All axons from one crista coalesce to form an ampullary nerve for that crista's SCC, and all afferent axons within that nerve encode the component head rotation about the corresponding SCC's axis. (Fibers within one ampullary nerve differ in several other important respects, including sensitivity, frequency response, stochastic properties and response to efferent innervation [4] .)
The SCCs are arranged across the midline into approximately coplanar, mutually orthogonal pairs: the left and right horizontal SCCs form a horizontal pair [LH and RH] ; the left-anterior Due to its anterosuperior location in the labyrinth, the anterior SCC is also commonly referred to as the superior semicircular canal. We will use these terms interchangeably. Each inner ear's three SCCs are arranged to form a (nearly) orthogonal set, so that the pattern of activity on the three ampullary nerves of a single inner ear's vestibular labyrinth represent a 0018-9391/$25.00 © 2007 IEEE (nearly) orthogonal decomposition of any head rotation into three independent components, each representing the projection of the head rotation's angular velocity vector onto the axis of one SCC [5] . The two SCC comprising a coplanar pair share are arranged in antisense orientation: a leftward head rotation increases firing rates of axons in the ampullary nerve of the left horizontal SCC and decreases the firing rates in the right horizontal SCC's ampullary nerve. Similarly, a head rotation exciting the LA ampullary nerve (a nose-downward, counterclockwise rotation as viewed from behind) inhibits the RP SCC, and a head rotation exciting the LP ampullary nerve (a nose-upward, counter-clockwise rotation as viewed from behind) inhibits the RA SCC. Differencing and integration of these complementary inputs in the vestibular and oculomotor nuclei of the brainstem generate complementary oculomotor nerve output signals that drive extraocular muscles controlling the angular position and velocity of the eyes with respect to the head. Interestingly, each eye's six muscles are arranged in three complementary pairs that are approximately coplanar with the corresponding SCC planes, minimizing the neural computational load that would otherwise be required to effectively perform a transformation between coordinate frames of reference. Equally interesting is the vestibular nervous system's ability to perform such transformations when visual and vestibular sensation conflict over more than a few minutes. A subject rotated in the horizontal plane while attempting to visually fixate a scene being moved to simulate a pitch head rotation will subsequently exhibit pitch eye rotations during horizontal head rotation in darkness, an effect called cross-axis adaptation [6] , [7] .
The AVOR acts as an open loop control system via a direct three-neuron reflex arc that does not require moment by moment visual feedback and is thus freed from the 100-ms delay inherent to visual processing [8] . The AVOR thus works in darkness, and it has a very short latency. In normal humans subjected to passive sinusoidal or transient head rotation in light or darkness over the range of head movements typical of walking, jogging or even vigorous head shaking ( and over 0. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] , the AVOR gain (conventionally defined as the absolute value of the ratio of eye and head velocity about the axis of head rotation for sinusoids [or of acceleration for transients]) is near 1 and its latency is only 7-9 ms. [2] , [9] [10] [11] . The gain of the AVOR in darkness falls as head rotation frequency decreases below 0.1 Hz, where vision-dependent tracking mechanisms dominate. In contrast, vision-dependent neural circuits mediating smooth pursuit (reflexive following of images on the retinal foveae) and optokinetic nystagmus (reflexive tracking of the movement of the peripheral visual fields) fail as gaze-stabilizing mechanisms for head movements above 0.5 Hz and [12] . The AVOR and visual mechanisms are thus complementary, combining to maintain stable gaze across the physiologically relevant range of head movements.
An analogous reflex stabilizing the eyes during head translation (the linear VOR, or LVOR) is driven by sensation of linear acceleration, which is mediated by the otolith endorgans (the utricle and saccule) in each ear. Each of these sensors transduces translational acceleration of a proofing mass affixed to its macula, a neurosensory epithelium analogous to the SCC's cristae except that it is approximately planar and its hair cells are not uniformly oriented. While not entirely flat, the utricular macula lies approximately in a horizontal plane, so utricular nerve axons predominantly carry information about head translational acceleration along directions within the horizontal plane. Similarly, the saccular macula approximates a vertical plane. Departures from planarity for each ensure that the two sensors combined span the range of possible 3-D translations. In addition to driving the LVOR which is dominated by the AVOR for far targets but not for visual targets close to the eyes, [13] , otolith endorgans provide the essential sensory input to vestibulocolic and vestibulospinal reflexes that stabilize the head and body during standing and walking.
Bilateral loss of vestibular sensation, as can occur after ototoxic drug exposure, infection, trauma or other insults to the inner ear, disables these reflexes and results in illusory movement of the visible world during head motion, postural instability and chronic disequilibrium [14] [15] [16] . While many victims of bilateral vestibular sensory loss ultimately learn to compensate by enlisting visual and proprioceptive cues to partly supplant missing vestibular sensation, those who fail to compensate suffer significant disability. The lives of these individuals could be significantly improved by an implantable neuroelectronic prosthesis that mimics the normal vestibular labyrinth by measuring head rotation, decomposing it into orthogonal components parallel to the planes of the SCC, and selectively encoding it via electrical stimuli that recreate an appropriate pattern of activity in afferent nerve fibers of the ampullary branches of the vestibular nerve.
Evidence supporting the feasibility of this approach was provided by classic studies of Cohen, Suzuki and their colleagues, [17] [18] [19] [20] [21] who described the extraocular muscle activation patterns and direction of conjugate (in SCC coordinates) eye movements in response to electrical stimulation of single and multiple ampullary nerves, corroborating and extending earlier studies of electrical and hydrodynamic stimulation of individual cristae [22] [23] [24] . Coupled with studies of vestibular nerve afferent responses to galvanic stimuli [25] [26] [27] , advances in miniaturization of rotational accelerometers, and experience gained from decades of cochlear implant development, [28] , [29] these studies laid a foundation for development of a head-mounted, implanted prosthesis for emulation of SCC sensation.
Gong and Merfeld described the first single-channel prototype of such a prosthesis [30] , [31] . In otherwise normal guinea pigs and squirrel monkeys rendered unresponsive to head rotation by surgical plugging of semicircular canals, that device generated partly compensatory eye movements for head rotations about its single axis of rotational sensitivity. Repeated switching of the device between powered and off states revealed progressive reduction in the time required to adapt to each state transition, suggesting that the vestibular nervous system not only adapts to prosthetic input, but learns to do so more quickly with experience [32] . Misalignment of the prosthesis sensor's axis away from that of the implanted SCC resulted in apparent crossaxis adaptation, suggesting correction of minor misalignments of the device and SCC is within the adaptive range of brainstem neural circuitry mediating the AVOR [33] . Along with these tan-talizing results came new challenges. The AVOR gain they observed was significantly less than that of the normal AVOR before canal plugging, suggesting more intense stimuli or more optimal stimulus coupling to the vestibular nerve is needed. In addition, extension of this approach to a multichannel, multielectrode device (with assay of eye movement responses in 3-D) is necessary to encode head rotations in all directions.
Unfortunately, the three ampullary and two macular branches of the vestibular nerve are all close to each other in humans [34] and even closer in small research animals [35] . Spurious stimulation of vestibular nerve branches other than the intended target can cause poor control of eye movement direction, corrupting attempts to independently control different ampullary nerves. (Emulation of otolith endorgan transduction represents an even greater challenge, and published attempts have yielded conflicting results, probably due to the close proximity of axons representing different directions within each macule and macular nerve [36] [37] [38] [39] [40] ). Limiting stimulus intensities to those below the threshold of spurious stimulation prevents one from using sufficiently intense stimuli to encode head rotations over more than a small subset of the normal physiologic range. This problem is especially acute for the ampullary nerves of the horizontal and superior cristae, which are especially close to each other and to the utricular nerve. Extension of the single-channel prosthesis approach to a multichannel device able to restore normal 3-D AVOR function therefore represents a significant biomedical engineering challenge.
We describe the design, development, circuit performance, and in vivo testing of a multichannel vestibular prosthesis that simultaneously encodes head rotations in all three dimensions, resolves them into semicircular canal plane components, and presents them as pulse-frequency-modulation encoded stimuli to the ampullary nerves innervating three or more SCC. We compare the electrically evoked AVOR-mediated eye movements in vestibular-deficient chinchillas (C. laniger) to the 3-D AVOR of normal animals during head rotation. Finally, we discuss considerations for evolution of this device toward a vestibular prosthesis for treatment of humans disabled by loss of vestibular sensation.
II. EXPERIMENTAL METHODS

A. Surgical Techniques
Adult wild-type 450-650 g chinchillas were used for all experiments, which were performed in accordance with a protocol approved by the Johns Hopkins Animal Care and Use Committee.
To restrain each animal for AVOR testing, a lightweight phenolic post was secured to the skull using dental cement with the animal under isoflurane (3%-5% in 4 L/m oxygen) plus local anesthesia (bupivicaine 0.25% and lidocaine 1% with 1:100K epinephrine). The dorsal surfaces of both mastoid bullae were exposed and opened using an otologic drill. A phenolic post was positioned on the skull in the midline and embedded in dental cement (ESPE ProTemp II, 3M Corp, Minneapolis, MN) extruded into each bulla and conforming to the bone surfaces between them to form a rigid connection to skull. The post was oriented so that when the animal was placed into a plastic restraining device within a Fick gimbal mounted atop a servo-controlled rotating table, the plane tangent to the flat part of the dorsal skull (and the occlusal plane of the molars) was pitched 50 "nose-down" from Earth horizontal. With the animal in this position, the axes of maximal sensitivity of the animal's horizontal SCCs aligned to within of the Earth-vertical axis of the rotating table. We confirmed this by dissection and direct observation of three chinchilla skulls and by subsequent 3-D multiplanar reconstruction of micro-computed tomography images of six chinchilla skulls [41] , using techniques analogous to those we have used with human data [5] . (Similar data on three chinchilla skulls were reported by others after completion of experiments performed for this study [42] ). In this position, the LA and RP SCC lie approximately parallel to a cardinal LARP plane perpendicular to the horizontal SCC and 45 off the midsagittal plane, while the RA and LP SCC lie parallel to a RALP plane that is the mirror image of the LARP plane across the midline (Fig. 1) . The gimbal could be reoriented so as to bring any of the SCC planes into the Earth-horizontal plane for rotational testing.
To cause bilateral vestibular sensory loss like that humans suffer when injured by aminoglycoside antibiotic ototoxicity, chinchillas were treated bilaterally with 0.5 cc intratympanic injections of 26.7 mg/mL gentamicin three weeks prior to surgery for head post placement and electrode implantation. Gentamicin delivered via this route diffuses to and sequesters within the neuroepithelia of the vestibular labyrinth, where it kills Type I hair cells and causes nearly all Type II hair cells to lose their mechanosensitivity [43] . We [44] , [45] and others [46] have shown that this results in a marked decrease in AVOR gain for rapid head rotations of direction and sense that normally excites the treated ear's SCCs.
For prosthetic stimulation of ampullary nerves, electrodes were implanted via small windows in the SCC ampullae made using an otologic drill. The anterior and horizontal ampullae were approached via the same opening in the roof of the bullae already prepared for attachment of the post. The posterior ampulla was approached through the posteroinferior chamber of the bulla. Electrodes were fashioned from twisted pairs of 75-um diameter Pt/Ir wire (AS169-40, Cooner Wire, Chatsworth, CA) stripped 0.2 mm, with 0.2-0.3 mm inter-electrode spacing. This spacing was hard to control, as electrodes tended to deform during implantation. Each bipolar electrode pair was directed into one ampulla toward the point at which that ampulla's branch of the vestibular nerve enters its crista and then secured in place with fascia in the ampulla and dental cement in the bulla. For "monopolar" stimulation via a labyrinthine electrode versus a distant reference, a Pt/Ir wire stripped 1 cm was embedded in neck musculature. An auxiliary electrode (the eighth electrode, which remained after three bipolar pairs were implanted in a labyrinth and one reference was placed in the neck) was embedded in neck musculature.
B. Eye Movement Recording Systems
In preparation for eye movement testing, animals were briefly anesthetized using inhaled isoflurane 3-5% in order to position them in the head restraint within the gimbal. Proparacaine topical anesthetic drops were applied to each eye, and 0.2 mL bupivicaine 0.25% was injected midway along the expected course of the facial nerve's superior division, to minimize the need for eye lid retraction. Animals were allowed to awaken completely from anesthesia before AVOR testing, as indicated by response to ambient sounds and light touch to the paw or tail.
We employed two methods for eye movement measurement. Three-dimensional video-oculography (3-D VOG) was used for sinusoidal head rotations at up to 2 Hz, while topically affixed magnetic search coils were used for higher-frequency sinusoids (up to 15 Hz). While the scleral coil technique [47] is generally considered the "gold standard" method for measurement of 3-D eye rotations, these two methods were complementary. Coil measurements allowed higher (1 kHz) sample rates and finer (0.02 ) resolution, and so were especially well-suited for recording small positional amplitude, high-frequency eye rotations. However, our early attempts using surgically implanted coils revealed distortion of eye movements due to surgical trauma and edema. The topically affixed coils we ultimately used yielded less distortion, but still impacted the eye lids during large amplitude eye rotations that occur during 50 head rotations at frequencies at and below 0.5 Hz. Conversely, our 3-D VOG system allowed measurement of larger amplitude eye rotations with less impingement on ocular motion, and allowed direct observation of the eyes during an experiment, but was limited to a relatively low sample rate of 30 frames/s. 1) Video Oculography System: The 3-D VOG system, which has been described in detail elsewhere [48] , was installed on a Pentium IV 2.4-GHz 1-GB RAM PC running Windows 2000. Firewire cameras (PYRO1394 WebCam, ADS Technologies) retrofitted with 1/4 format 16.0 mm focal length, f/2.0 C-mount board lenses (BL160, Allthings Inc., Australia) were used to acquire 640 480 pixel, 8-bit grayscale images at 30 Hz for each eye. An array of three fluorescent yellow 0.5 0.5 mm squares, separated by 0.5 mm and arranged in a 45 right triangle on a black film, was placed on the topically anesthetized cornea of each eye using a small amount of veterinary tissue glue (VetBond, 3M Corp) after application of proparacaine and saline eye drops. The tissue glue forms a conformal coat over the saline film on the cornea up to the limbus, making a translucent film that remains on the eye and slides under the lids during eye movement, much like a contact lens held by surface tension and suction. A pair of ultraviolet light-emitting diodes (UV LEDs) illuminated each marker, and a UV cut filter on each camera maximized contrast of the markers versus reflections of the LEDs on the conjunctiva. National Instruments LabVIEW 7.0, NI-IMAQ Vision 7.0.1 and NI-IMAQ for IEEE 1394 Cameras 1.5 modules (National Instruments, Austin, TX) were used to control camera settings, threshold the image, correct lens distortion, and determine the center of each marker using a center of mass algorithm. Each eye's center of rotation was aligned by centering a pattern of corneal reflections from LEDs attached to the camera at points equidistant from the lens axis. The initial and instantaneous pixel positions of each marker were used to construct a rotation matrix representing the instantaneous 3-D angular position of the eye, from which Euler angles, rotation vectors and quaternions were calculated [49] [50] [51] . The resolution of the VOG system was (limited by image pixelization) and the velocity noise was RMS ( peak) in each dimension. While a 30 Hz sample rate ideally allows recovery of signal components at up to the Nyquist rate of 15 Hz, we found in practice that amid quantization noise, about 8-10 points per cycle of an approximately sinusoidal response were required to give a clear indication of the cycle by cycle response as we monitored it in real time. We therefore limited the use of 30 Hz VOG to measurement of eye movements up to 2 Hz for these experiments, complementing VOG data with coils data at higher frequencies.
2) Magnetic Coil Oculography System: Adapted from the scleral coil technique originally described by Robinson [47] and modified to use topically affixed coils as previously described by others [52] , [53] , our coil system and technique been described in detail elsewhere [49] , [50] . Three pairs of field-generating coils were rigidly attached to a superstructure that moved with the animal. The three magnetic fields were mutually orthogonal and aligned with the X (anterior-posterior), Y (interaural), and Z (superior-inferior) coordinate axes. The X, Y, and Z fields oscillated at 83.3, 55.5, and 41.6 kHz, respectively. On each eye, two insulated copper watch coils (2-mm diameter, 80 turns, 3 mg each) were glued orthogonal to one another with cyanoacrylate, then affixed to the surface of the topically anesthetized eye as described above. The mass of the coil assembly is 20 mg, and its center of mass sits 1.5 mm from the surface of the eye. Lead wires to recording equipment were strain-relieved, suspended parallel to the motor axis, and tightly twisted to minimize movement artifacts generated by loops within the magnetic fields. Lead connectors were kept fixed with respect to fields during calibration and during the experiment. Applied duction of the coils under microscopy in anesthetized animals before and after testing sessions confirmed absence of slippage with respect to the eye. Each coil pair remained in place for about 30-60 min (depending mainly on whether large-amplitude eye movements caused the coils to impact the eye lids) before precipitously losing adherence to the eye, an event accompanied by a sudden and obvious drop in apparent eye movement. Whereas this topical technique yielded AVOR gains similar to those measured using VOG at midrange frequencies, our initial series of experiments using coils sutured to the sclera beneath conjunctival flaps yielded much lower apparent AVOR gains, suggesting mechanical restriction of eye rotation by edema or impact of sutured coils on orbit contents.
A full description of the calibration and signal processing methods applied to these signals has been described elsewhere [54] . Currents from each eye coil were demodulated to produce three voltages proportional to the angles between each coil and each magnetic field and then passed through 8-pole analog Butterworth anti-aliasing filters with a corner frequency of 100 Hz. Coil signals were digitized at 16-bit resolution at a sampling rate of 1 kHz. The noise-equivalent input of the system was equivalent to a peak-to-peak eye position deviation of 0.02 .
C. Mechanical Rotation Stimuli
The gimbal structure holding the animal mounted on a servo-controlled motor (model 130-80/ACT2000; Acutronic USA, Inc, Pittsburgh, Pa) positioned so that the center of the animal's skull was aligned with the rotator's Earth-vertical axis. The gimbal was reoriented to bring each axis of interest coincident with the rotator's axis for each of three axes: horizontal (yaw), LARP (left ear down nose up) and RALP (right ear down nose up). The horizontal AVOR was tested with the gimbal in its reference position, in which the animal's horizontal semicircular canal axes were approximately Earth-vertical. The LARP and RALP axes were approximated as being 45 off the midline and in the plane of the horizontal semicircular canals. LabVIEW-based software controlled the motor. Sinusoids included rotations at 0.05-15 Hz at peak velocity 50 . Stimulus duration was sufficient to include at least six cycles at each frequency, and only cycles not corrupted by blinks or other artifacts were analyzed.
D. Electrical Stimuli
Functional electrical stimulation experiments were initially performed using a rack-mounted apparatus for identification of effective stimulus parameters. Either a function generator (for electrical-only trials) or a signal encoding the instantaneous angular velocity of the rotator (for simulation of the prosthesis during head rotation) was used to modulate the pulse frequency of constant-current, charge-balanced biphasic pulses from a set of rack-mounted stimulators (AM 2100, AM Systems, Carlsborg, WA). Electrical stimuli were delivered via pairs of electrodes in "bipolar" (both electrodes in the ampulla) or "monopolar" (one in the ampulla, one in the neck) format, with the former typically requiring higher currents to achieve a response but exhibiting slightly better selectivity. Each biphasic pulse was defined by four Intervals: (Interval 1) a constant-current pulse cathodic on the "active" electrode nearest the nerve, typically 20-400 and 20-500 ; (Interval 2) a no-current "intra-pulse interval," typically set to 10% of duration of Interval 1; (Interval 3) a charge-balancing pulse equal and opposite that of Interval 1; and (Interval 4) a zero-current interval of duration dynamically adjusted to achieve pulse-frequency-modulation over a range of 30-300 pulse/s. Once approximately optimal stimulus parameters were determined for each pair of electrodes, those parameters were encoded into the firmware of the head-mounted prosthesis for subsequent experiments.
E. Data Analysis
A software suite developed by one of the coauthors (AAM) was used for analysis of 3-D eye movement data from coil and video oculography. All data are preprocessed by modules specific to the technology used for data acquisition, then analyzed as rotation vectors with roll, pitch and yaw components in the right-handed head coordinate system shown in Fig. 1 . Velocity vectors were calculated from the corresponding rotation vectors, then filtered using a low pass filter (50-order, zero phase, finite-impulse-response, or a running spline interpolation filter (LabVIEW "Cubic Spline Fit' module with balance parameter 0.99995) applied to data linearly interpolated to a 1-kHz time base. For eye responses to sinusoidal stimuli, each of the three eye movement components (horizontal, LARP and RALP) was separately averaged cycle-by-cycle for least five cycles free of saccades, blinks or evidence of distortion due to marker or coil slippage or lid impact. Variation about each average eye movement cycle waveform is reported as 1 standard deviation about the mean waveform, computed individually for each point. For each axis about which head rotations were presented, AVOR gain was defined as the ratio of peak eye and head velocity for the component about that axis. AVOR phase was defined so that a positive phase lead meant that the eye movement velocity led the ideal eye movement (which is equal in magnitude and 3-D direction but opposite in sense from the head rotation).
III. THREE-DIMENSIONAL MULTICHANNEL VESTIBULAR PROSTHESIS
As illustrated in Fig. 2 , the multichannel vestibular prosthesis is designed to simultaneously encode head rotation in each of 3-D and deliver pulse-frequency-modulated, biphasic, constant current stimuli via pairs of up to eight electrodes. It comprises a microcontroller that continually samples input from three mutually orthogonal angular rate sensors and accordingly modulates the pulse frequency of stimuli delivered by a shared current source switched between pairs of electrodes. Any combination of "bipolar" (two electrodes are both within a given ampulla) and "monopolar" (one electrode in the ampulla, the other in neck musculature) electrodes can be configured post-implantation under software control, resulting in up to four isolated bipolar electrode pairs or up to seven monopolar electrodes with a common reference. The following sections describe the device in more detail. (Fig. 3) . A 3-channel DAC sets command current for a shared current source, which switches between pairs of electrodes to generate the cathodic phase of a pulse and then a charge-recovery anodic phase with oppositely directly current through the same electrode pair. All parameters may be set through a JTAG programming interface or RS-232 serial interface with the device in situ.
A. Sensors
The three micromachined gyro angular rate sensors (ADXRS300, Analog Devices, Norwood, MA) are oriented orthogonal to each other. Each encodes rotational velocity about a single axis at a resolution of (least significant bit after digitization) over a range of 450 to with bandwidth of dc-40 Hz. The device is affixed to the head post in an orientation that approximately aligns (to within ) the sensors with the planes of the implanted SCCs, so the output of each sensor can directly modulate the pulse frequency of the corresponding SCC's electrodes. These devices were chosen because of their small size ; sensitivity range, noise and bandwidth well matched to the physiologic system; and commercial availability. Their main disadvantage is high power consumption (30 mW continuous for each gyro), which accounts for 90% of the consumption of the prosthesis. A second disadvantage is the need to mount them with the 7-mm dimensions in the plane of rotational sensitivity, which places a constraint on how thin the device can be in a future version for subcutaneous implantation in humans.
B. Processor
An MSP430F149 microcontroller (Texas Instruments, Dallas, TX) clocked by a 6-MHz crystal controls the device, sampling gyro signals and generating pulse-frequency-modulated biphasic current pulses of user-controllable level and duration on electrodes in the corresponding SCC's. Apart from its ultra-low power consumption, several features of this device make it advantageous for our application. Well-supported by simple but powerful debugging software, this device incorporates several of the circuit modules needed for our design in a single package, including a 16-bit central processing unit (CPU), 16 bit hardware multiplier, 2 KB of RAM, 60 KB of flash memory, two multifunction timers, an 8-channel 12-bit analog-to-digital converter (ADC), and a JTAG interface that allows in situ reprogramming of the prosthesis via a 6-wire interface.
While a less powerful microcontroller with fewer integrated modules could have met our current design's criteria, we chose the MSP430F149 because it exceeds those criteria in ways that leave room for enhancements to the existing design. For example, the CPU and hardware multiplier can perform a 3 3 rotation matrix multiplication of the 3 1 input data vectors at the 100-Hz rate with which the prosthesis samples gyro inputs, which may prove necessary to correct for gyro/SCC misalignment if central nervous system adaptation alone proves inadequate. The ADC's unused inputs can support addition of a 3-axis linear accelerometer to emulate utricular and saccular sensation, a circuit for monitoring electrode impedances, and measurement of electrophysiologic responses to brief electrical stimuli. A 3-wire RS-232 serial interface module can support a simple user interface administered by the microcontroller CPU, as might be needed to allow a clinician or implanted patient to adjust device parameters.
C. Current Source and Switching
One current source is shared by all channels of the device. It is a single-supply voltage-to-current converter built around an op-amp (OPA2345, Texas Instruments) chosen for its low power consumption and adequately high slew rate (2 ) . The op amp output sets the gate voltage of an enhancementmode N-channel field-effect transistor as required to maintain a current of 0-512 through one pair of electrodes and a 3 sense resistor. The current is set for each channel by one of the three channels of an 8-bit digital-to-analog converter (DAC) (MAX 5101, Maxim, Sunnyvale, CA) under CPU control, yielding 2 resolution. Each of eight electrode leads connects via a 1-capacitor to one of eight normally open outputs of each of two analog multiplexers (MAX308, Maxim). The common pin of the "anode side" MAX308 connects to a 24 V compliance voltage generated by a step-up converter (chosen to allow 2 mA via a 10 combined electrode impedance, or through 100 ), while "cathode side" MAX308 common terminal connects to the current source. Stimulation via a given pair of electrodes Z1 and Z2 consists of four intervals. During Interval 1 (the "active phase" of a "biphasic pulse," typically 200 uS), the microcontroller commands the MAX308s to connect Z1 (initially the anode) to 24 V and Z2 (initially the cathode) to the current source. During Interval 2 (the "intra-pulse interval." typically 40 ), both MAX308s are disabled, disconnecting both electrodes. During Interval 3 (the "charge-balancing phase," typically 200 uS), commands for the two MAX308s are swapped to make Z1 the cathode and Z2 the anode. During Interval 4 (the "interpulse" interval), both electrodes are again disconnected, this time for a duration equal to the inverse of the pulse rate, which is modulated according to the most recent sample of input from the corresponding gyro.
The essential parameter defining the "intensity" of a biphasic stimulus pulse is the charge withdrawn from (at the active, cathodic electrode) or injected into (at the reference electrode) the surrounding tissue during the excitatory phase of the biphasic, charge-balanced pulse [55] . To control the amount of charge injected, one may control the pulse current, the pulse duration, or both. Which one is altered does not matter, as long as the total charge injected remains within the window for "safe stimulation" for a given electrode (beyond which irreversible electrochemical reactions corrode the electrode and may poison adjoining tissue [56] ) and commanded current does not exceed the ratio of the stimulator's compliance voltage and the electrode impedance. In our present experiments, we typically set the pulse current for Intervals 1 and 3 equal (but opposite) at , depending on the responses observed. We typically leave the duration of intervals 1 and 3 at 200 , although this can be changed on the fly with 0.16-resolution by the 6-MHz timer.
We have only used symmetric rectangular pulses (constant equal current and equal duration for Intervals 1 and 3), with head angular velocity modulating pulse rate but not pulse shape or charge per phase. However, the circuitry can generate pulses of arbitrary shape (subject to charge-balancing requirements and the D/A converter's 8-bit resolution, 6-uS settling time and 0.6 V/uS slew rate), such as "pseudomonopolar charge-balanced pulses" (brief, high current cathodic phase followed by a longer duration, lower current anodic phase), which may be more potent for the given amount of charge passed [57] .
D. Power
Uninterrupted power is important for this application, because an implant recipient adapted to tonic stimulation could suffer severe vertigo due to sudden cessation of prosthetic vestibular input. A lithium battery contained within the head-mounted device package (Saft LS14250, 3.6 V, 1000 mAh, 14.7-mm diameter 24.8 mm, 8.9 g) can act as a backup for a rechargeable battery contained within a body-worn pack (Lenmar LIJ408, 7.2 V, 1100 mAh, , 71 g), simplifying replacement of batteries without interruption of power delivery. Unfortunately, the high current draw of the three gyros limits battery life to about 48 h per rechargeable battery. The MSP430 and low-level logic devices draw comparatively negligible current from a second regulator generating a 3-V supply. Finally, an inductor-based step-up dc-dc converter generates the 24-V compliance voltage for the current source, which draws negligible mean power due to the low amplitude and duty cycle of stimuli.
E. Software
We use the Kickstart Embedded Workbench (IAR Systems, Foster City, CA) and FET430 flash emulation tool (Texas Instruments) for program development and flashing the microcontroller's memory via its JTAG interface. This powerful interface also allows one to monitor and change register and memory values as the device is running in situ.
After initializing stimulus parameters and conveying current level commands to the D/A converter, the MSP430F149 reverts to a low power mode. From that point, the software's action is organized around three interrupt service routines that control the timing of gyro sampling, pulse frequency modulation (Interval 4), and fine resolution of biphasic pulses (Intervals 1-3) .
One interrupt service routine triggered every 10 ms by a slow (32 768 Hz clock crystal) timer samples all three gyro inputs at 100 samples/s and accordingly sets the Interval 4 duration for each stimulus channel. It also polls a set of memory locations that can be changed via the JTAG interface without disturbing the microcontroller, providing a simple command interface for adjusting stimulus parameters while the device is running.
A second interrupt service routine is called whenever one of three timers (one per gyro) signals the end of Interval 4 for that gyro's channel. This routine resets that timer according to the most recent input from that gyro, then checks to see whether the current source is already in use by another channel. If so, the new channel's request is queued for later. Otherwise, the routine connects the appropriate electrode pair to initiate Interval 1, signals that it now owns the current source, and sets a 6-MHz timer to later announce the completion of Interval 1.
A third interrupt service routine, which is triggered upon completion of Intervals 1, 2, and 3, checks which interval is ending and sets the current source connections appropriately for the next interval. If Interval 3 is ending (signifying the end of a biphasic pulse on the presently active channel), the routine activates a pulse on the next channel in the queue. The queue is rarely 1 element long, because the relatively low pulse rates ( 350 pulses/s on each of three channels), low probability of a maximal pulse rate occurring simultaneously on all the three channels, and the brevity of pulses result in a low rate of clashes between two channels simultaneously demanding access to the current source.
For each channel, the interval determining the instantaneous pulse rate is computed from the 12-bit ADC output representing head velocity (ADC values of 0, 2048 and 4095 representing gyro velocity 450, 0 and , respectively) by interpolation into a parameterized look up table, with values described by and (1) where is the pulse rate in pulse/s, is the ADC input, is the pulse rate for zero head velocity (typically set to 100 pulse/s), is peak pulse rate (typically 350 pulse/s), and (typically set to 5) is a compression factor that determines the slope of the pulse rate versus head velocity curve around the baseline rate. As illustrated in Fig. 3 , this function describes a saturating nonlinearity that roughly emulates the spike rate versus head velocity operating curve of regular chinchilla vestibular nerve fibers [58] , up-shifted to a resting rate of 100 pulses/s when the head is at rest to allow the device to overdrive spontaneous afferent fiber activity and thus provide more dynamic range for encoding inhibitory head rotations. Multiple pulse rate versus velocity mappings parameterized via different combinations of , and can be stored within the microcontroller's flash memory. Prior to this calculation of pulse modulation timing, each input data stream can pass through a digital high pass filter emulating the characteristics of the chinchilla semicircular canals, like that described by Gong and Merfeld [30] . Stimulus amplitude and pulse shape can be modulated by head angular velocity or acceleration with a similar approach. Fig. 4 shows a photograph of the prosthesis circuitry prior to packaging. The circuitry is implemented using surface mount technology and is ; when packaged within a plastic case, it weighs 19g without the battery. While approaching the size of cochlear implants in clinical use, this is still too large to fully implant within a chinchilla, so we mount the case to the skull extracranially and connect to implanted labyrinthine electrodes via a percutaneous connector. An angled coupler rigidly holds the case on the phenolic head post so that the axis of maximal sensitivity of each gyro aligns approximately with the cardinal horizontal, LARP or RALP axis corresponding to the SCC it emulates. Fig. 5(a) shows the frequency of output pulses on each of three channels configured for biphasic stimulation of the horizontal, anterior and posterior semicircular canals of one vestibular labyrinth during 2 Hz, 50 rotation about each SCC's axis. While imperfect alignment of the device with the motor axis led to some crosstalk (e.g., modulation on the horizontal channel during RALP axis rotation is 8% of the RALP modulation), the device's ability to encode 3-D rotations is apparent. Fig. 5(b) shows the stimulus current delivered via one pair of electrodes during 240 pulses of 50, 120, and 200
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, with cathodic-to-anodic intrapulse interval set to 10% of the duration of each phase as measured across a 100-resistor in series with electrodes immersed in 0.9% NaCl in water. With three channels running continuously at 100 pulse/s baseline rate delivering 200 , 200 pulses on three channels across electrodes in saline, the device drew a mean supply current of 19.1 mA from a 7-V source.
IV. RESULTS
A. Three-Dimensional AVOR in Normal Chinchillas
To establish criteria against which to judge effects of prosthetic stimulation in subsequent experiments, we first examined the AVOR of five normal chinchillas. Fig. 6 , column 1, shows all canal plane components of mean eye velocity for each eye during 2 Hz, 50 head rotations of a normal chinchilla in the horizontal, LARP, and RALP directions. The number of overlapped and averaged cycles is listed for each panel. The standard deviation for every point in time for every trace was , so traces representing 1 standard deviation (SD) are not shown to avoid obscuring mean traces. Averaged over all normal animals, the mean 1 SD gain and phase lead (expressed as a lead versus the ideal eye response of 1 times the head velocity) during 2 Hz, 50 head rotations were (gain 0.43 0.28, phase ) in the horizontal plane; (0.48 0.1 and ) for LARP; and (0.45 0.09 and ) for RALP. Traces representing these mean normal responses are shown in each panel of Fig. 6 for comparison to individual animal responses. Fig. 7 shows the gain and phase of the horizontal component of the AVOR during sinusoidal horizontal head rotations at 50 peak velocity and 0.05-15 Hz, pooled for measurements in the five normal animals. These data are consistent with published data for the 1-D horizontal AVOR in normal chinchillas [59] . a break frequency at 0.05-0.1 Hz. There is a trend toward a slight phase lag at 10-15 Hz; however, the lag is smaller than one would expect from the 12-14 ms latency of the normal chinchilla AVOR response to transient head rotations. This is consistent with the phase lead observed in recordings from vestibular nerve afferent fibers and attributed to the dynamics of action potential initiation [58] , [60] 
B. Three-Dimensional AVOR of Chinchillas With Bilateral Vestibular Deficiency Due to Gentamicin 1) Responses to Head Rotation Alone:
In three chinchillas treated three weeks earlier with bilateral intratympanic administration of gentamicin, implanted with electrodes in the three SCCs of the left labyrinth, and then allowed to fully awaken before testing, only minimal ( RMS) AVOR-mediated eye movements were observed during head rotations in any direction when presented without prosthetic stimulation. Fig. 6 , Column 2 shows the mean responses of one such animal (ch050506B) during 2 Hz, 50 head rotations about each SCC axis in the absence of vision. The other two yielded similar results. Across all frequencies, eye velocities were small enough that a response at the stimulus frequency could not be discerned above the noise floor of our recording system.
2) Responses to Head Rotation with Prosthetic Electrical Stimulation:
Each of the implanted, vestibular-deficient chinchillas was then retested with prosthetic electrical stimuli modulated by head rotational velocity. Fig. 8 shows the horizontal components of left and right eye rotational velocity for ch050506B), during continuous 2 Hz 50 peak sinusoidal horizontal head rotations without and then with prosthetic electrical stimulation. For this trial, only the left horizontal SCC electrodes were activated; the LA and LP electrodes were kept off to help isolate the effect of LH stimulation. Stimulus parameters were: cathodic-first biphasic pulses via a bipolar electrode pair in the left horizontal SCC ampulla, 200
, 200 , modulated with sigmoid defined by (1) with 300 pulse/s, 100, . Before electrical stimulation begins [ Fig. 8(a), up to s], head rotation elicits no AVOR. When electrical stimulation encoding head velocity begins [ Fig. 8(a) , s], brisk, asymmetric horizontal eye movements occur, with rightward (negative) peak slow phase nystagmus velocities nearly equal to peak head velocity and small compensatory leftward quick phases, consistent with excitation asymmetry due to stimulation of only the left ear. Adaptation to this purely unilateral electrical stimulation was remarkably quick. Fig. 8(b) is a segment of the same trial as Fig. 8(a) , less than 20 s after onset of prosthetic stimulation. The slow phase nystagmus is already more symmetric in direction, tracking horizontal head velocity with a mean gain for the two eyes very similar to the normal animals' mean gain of 0.43. There is some disparity between the left and right eyes' responses (which, although not consistently observed across animals, might indicate an LVOR contribution via spurious stimulation of the macular nerves, assuming eye movements evoked purely by ampullary nerve stimulation are conjugate [21] ). Nonetheless, the 1-D responses in Fig. 8(a) and (b) suggest a prosthetically evoked horizontal AVOR that is close to normal in 1-D. In contrast, 3-D analysis reveals that the evoked eye movements have significant LARP and RALP components instead of the purely horizontal movement desired. Fig. 8(c) , which shows the cycle-by-cycle average for all eye velocity components for both eyes over the 17 cycles beginning at of the trial shown in Fig. 8(b) , demonstrates that while the horizontal components are close to the normal response gain, the LARP components are comparable in amplitude with the desired horizontal response, with the eyes making an upward and clockwise (from the animal's viewpoint) rotation about the LARP axis when they are moving to the right about the horizontal axis during the second half of the cycle, when pulse rates are maximal. This is consistent with simultaneous excitation of the closely apposed ampullary nerves to the left horizontal (intended target) and LA (bystander) ampullary nerves. During the same phase of the stimulus, there is also a smaller component about the RALP axis; however, its sense (upward and counter clockwise in the second half of the cycle) is opposite the expected effect of LP ampullary nerve excitation and, therefore, suggests otolith excitation. When the same data are considered in cardinal X,Y,Z head coordinates, it is clear that the two eyes are moving about two different axes. The left eye (ipsilateral to the site of stimulation) is yawing rightward and pitching upward during peak stimulation with a small clockwise roll. The right eye is also yawing right and pitching up, but it exhibits a much more prominent clockwise roll. Upward and clockwise, disconjugate eye rotations with left stimulation are typical of all responses Curthoys reported for selective stimulation of the utricle or saccule [36] . Subsequent activation of the remaining channels of the prosthesis (with stimulus parameters optimized individually for each electrode channel) caused a brisk nystagmus beating counterclockwise and leftward, which adapted down to a slow phase velocity of in all components within 20 min. Fig. 6 , Column 3, shows all components of the mean AVOR responses for ch050506B during 50 peak sinusoidal horizontal, LARP, and RALP head rotations at 2 Hz with the prosthesis active, after 3.5 h of prosthetic stimulation. At this point, electrodes in the LH, LA, and LP SCC were all continuously delivering 100 pulses/s even with the head still, and each modulated with head rotation parallel to the appropriate implanted left labyrinth SCC. While the prosthetically restored AVOR is less than at onset and exhibits some cross-axis components and departures from conjugacy suggesting spurious stimulation, all directions of head rotation yield eye movements clearly closer to normal with prosthetic support than without it (compare Column 2). Responses to 2-Hz 50 LARP and RALP plane rotations (middle and lower panels of Column 3, respectively) are similar.
Columns 4 and 5 of Fig. 6 show responses for the two other gentamicin-treated animals tested under analogous conditions after 5 days (ch072106) and 3 days (ch071405) of prosthesis use. Neither animal had any measurable response to head rotation without prosthetic input, so those results (which look like Column 2) are not shown. For head rotation with prosthetic stimulation, each animal exhibited responses in one or more SCC planes that were closer to normal than without prosthetic stimulation, but often with spurious components indicating current spread beyond the targeted SCC's ampullary nerve. Chinchilla ch072106 exhibited especially prominent responses to LA and LP excitation, with the slow-phase nystagmus during the peak of stimulus pulse frequency more than double the mean eye velocity for normal chinchillas' responses. Unfortunately, the LH electrode was not well secured in this animal, and responses to horizontal head rotation were therefore small. The long-term time course and ultimate extent of adaptation to continuous prosthetic use will be the topic of future study.
The frequency response for prosthetic stimulation encoding horizontal head rotation averaged across all three animals is compared to the normal animals' responses in Fig. 7 . Although variability prevents drawing strong inferences about the underlying dynamics, the prosthetic response curve is steeper and has no clear inflection around 0.05-0.1 Hz, the slope of log(gain)/ log(frequency) is close to 1/2, and there appears to be a shift toward greater phase lead than normal across the frequency range tested. (No prefiltering of gyro signals like that in [30] was implemented for these experiments.) Taken together, these fea- tures are reminiscent of the fractional zero Laplace operator characteristics commonly used to describe the dynamics contributed by vestibular nerve afferents' spike initiation mechanisms. [60] , [61] Interestingly, the upward slope of the magnitude curve seems to most closely approximate the dynamics of vestibular nerve afferents with irregular spontaneous discharge, which are much more sensitive to exogenous electrical currents applied via implanted electrodes than are fibers with regular spontaneous activity [25] .
The growth of both the desired response and spurious components due to current spread is illustrated by Fig. 9 , which shows all eye movement components during a 2 Hz, 50 RALP head rotation encoded by prosthetic stimulation delivered by a monopolar electrode implanted in the left posterior SCC ampulla with respect to a distant reference in ch050506. In this case, stimulus current was varied from 50 to 250 , with all other parameters kept constant ( , , , and 200 us/phase, cathodic first). In each panel, the ordinate axis and head velocity trace have been scaled to enhance visibility all components of the response. The RALP component of the response (which is appropriate for the stimulus) is barely detectable at 50 . At 100 , the eyes are making a conjugate, appropriately directed rotation similar to that observed in normal chinchillas, except for a horizontal component that could indicate horizontal SCC ampulla or otolith nerve stimulation. At 250 , the LP response has grown to over 150 peak velocity; however, the horizontal component also grows with increasing current amplitude, equaling the RALP response in amplitude at a stimulus current of 250 .
C. Postural Behavior of Vestibular-Deficient Chinchillas During Prosthetic Stimulation
While we did not quantitatively measure postural and gait changes due to ototoxic injury and prosthetic stimulation, we did observe qualitative behavioral responses consistent with the expected effects of each manipulation on activity of each labyrinth. Unilateral intratympanic treatment with gentamicin typically causes a stereotyped pattern of postural effects starting about 7-10 days after injection. [43] , [44] For a left injection, these include a left-ear-down combined roll/yaw head tilt and extension/abduction of the right forelimb. This usually resolves over the subsequent 4-5 weeks, as the animal compensates for the stable reduction in vestibular sensation from the treated ear. Following bilateral intratympanic gentamicin administration, our animals developed postural and behavioral signs consistent with a transient asymmetry of vestibular sensation, including a head tilt and contralateral limb extension/abduction, consistent with one ear leading the other in development of gentamicin-induced injury. Once these acute changes resolved (suggesting equivalent damage to both labyrinths), animals exhibited unsteady gait and tendency to run rapidly in circles when startled. Implantation of electrodes in the left labyrinth caused an additional left ear down head tilt in one bilaterally gentamicin-treated animal, suggesting further decrement from a nonzero level of spontaneous vestibular afferent activity in the implanted labyrinth. The other gentamicin-treated animals exhibited no sign of additional injury due to implantation.
Chinchillas responded to commencement of left labyrinthine prosthetic stimulation with postural reflexes typical of acute relative right hypofunction, including a rightward and clockwise (from the animal's perspective) head rotation to a stable position of right-ear-down head tilt. The head tilt persisted but reduced gradually over subsequent days, and was absent (per visual inspection of the unrestrained animal) after 2 days of continual prosthesis use. Brief power outages that accompanied battery changes then caused a leftward and counter-clockwise head rotation, which ceased with restoration of power from the new battery. This is consistent with vestibular central nervous system compensation to a new stable point, from which transient cessation of left labyrinth prosthetic stimulation is interpreted as acute onset left vestibular hypofunction.
V. DISCUSSION
To restore the 3-D AVOR, a vestibular prosthesis should encode three separable components of head rotation and emulate normal sensory transduction on at least three ampullary nerves. Although simultaneous restoration of normal AVOR for all three SCC in a single animal remains an elusive goal, we have demonstrated in vivo the first multichannel head-mounted vestibular prosthesis capable of meeting this challenge.
As illustrated by Fig. 9 , stimulus selectivity is a key determinant of performance, because poor selectivity causes retinal image slip when stimuli are of intensity sufficient to encode the full range of head rotation velocities and accelerations for which the AVOR is most important. Anatomically guided design and placement of electrodes, like the approach successfully used with cochlear implants, [62] , [63] could help bring electrodes closer to target ampullary nerves while shielding other nerves nearby. Judging from the spectral selectivity achieved by cochlear implants, increased vestibular nerve stimulation selectivity should be achievable through such refinements in electrode design. Optimization in stimulus protocols and surgical technique could improve outcomes further. The selectivity problem is likely less severe in humans than in chinchillas, due to significant difference in separation between vestibular nerve branches.
Several additional hurdles remain prior to application of this technology to humans disabled by vestibular sensory failure. Like cochlear implants currently in use, a vestibular implant ideally would be implanted beneath the scalp, in a well countersunk in the skull posterior to the mastoid cavity. To avoid skin breakdown and poor cosmesis, the hermetically packaged device should be no thicker than 1 cm and should be continuously recharged via a transcutaneous inductive link. The thickness and power consumption of our present device are largely determined by the gyro sensors, which are 7 mm on edge and collectively account for up to 90% of the power use. Rotational sensors in smaller packages with lower power consumption, ideally packaged with three orthogonal sensors per device, would facilitate development of a vestibular prostheses optimized for human use. At least one such multiaxis sensor is in development [64] .
Our findings regarding the 3-D AVOR of normal chinchillas are consistent with prior studies of rodents and lagomorphs using 1-D or 2-D eye recording techniques [46] , [53] , [59] , [65] . The normal chinchilla 3-D AVOR is partially compensatory over 0.1-10 Hz; approximately conjugate; similar in gain for yaw, LARP and RALP; and symmetric with respect to sense of rotation (to within 10%). These results suggest that despite its lateral eye orientation, the chinchilla is an appropriate animal model for vestibular prosthesis research meant to lay a foundation for subsequent studies in humans.
Pulsatile stimuli as used here are exclusively excitatory. For a unilateral vestibular prosthesis to encode head movements in all directions (including those that normally inhibit canals of the implanted labyrinth), the central nervous system must adapt to a tonic rate of stimulation, about which varying pulse rates encode excitatory and inhibitory head rotations. Setting the resting rate above the typical resting rate of vestibular nerve afferents can expand the dynamic range for encoding inhibitory head rotations. Merfeld, Gong, Lewis and colleagues observed evidence of adaptation over hours to months in chronically stimulated animals, with an apparent training effect increasing the speed of adaptation to step changes in tonic stimulus rate. [32] , [33] , [66] Combined with the rapid decrease of eye movement asymmetry we observed acutely in chinchillas, these findings suggest that a unilaterally implanted device should be sufficient to restore bidirectional vestibular sensation. This is of practical importance, because the cost and surgical risk of bilateral vestibular implantation would limit clinical utility.
Adding a 3-axis linear accelerometer to the device to measure linear acceleration would incur negligible additional volume and power consumption compared to the three existing gyros. However, we have so far constrained our focus to emulating the SCCs and AVOR, for two reasons. First, SCC sensation and the AVOR dominate gaze stabilization for most activities in which our vestibular-deficient patients complain of visual disturbance, because retinal image slip due to angular motion of the eyes and head dominate slip due to translation when one is fixating a target greater than 1 m away. Second, whereas every afferent neuron in a given SCC's ampullary nerve encodes head rotation with the same axis and direction, the macular nerves innervating the utricle and saccule each contain afferents with a broad range of directional sensitivities, making selective emulation of normal utricular and saccular function much harder to achieve with electrodes of limited spatial density and selectivity [36] [37] [38] [39] [40] .
While assaying cochlear function was outside the scope of the present phase of this research, maintaining hearing will be an important aim in clinical application of a vestibular prosthesis. Future experiments will assess risk to the cochlea via auditory brainstem response testing before and after implantation.
